Abstract The recent rise in drug resistance found amongst community acquired infections has sparked renewed interest in developing antimicrobial agents that target resistant organisms and limit the natural selection of immune variants. Recent discoveries have shown that iron uptake systems in bacteria and fungi are suitable targets for developing such therapeutic agents. The use of siderophore-drug conjugates as ''Trojan Horse'' drug delivery agents has attracted particular interest in this area. This review will discuss efforts in our research group to study the salmycin class of ''Trojan Horse'' antibiotics. Inspired by the natural design of the salmycins, a series of desferridanoxamine-antibiotic conjugates were synthesized and tested in microbial growth inhibition assays. The results of these studies will be related to understanding the role of drug release in siderophore-mediated drug delivery with implications for future siderophore-drug conjugate design.
Introduction
Antibiotic resistance is developing at an alarming rate. Cases of resistance have now been reported for all approved antibacterial drugs used in clinical settings. The gravity of this problem is becoming apparent as resistant infections once limited to hospitals are spreading to the general community (Marshall 2008) . Some experts even foreshadow a fast return to the helpless pre-antibiotic days (Ash 1996; Mitscher 2008; Nathan 2004) as the pipeline of last resort drugs runs dry and antibiotic development amongst major pharmaceutical companies is at an all time low (Jarvis 2008) .
The evolution of resistance to antibiotics is seemingly unavoidable. To regain the upper hand against resistant infections, modern antibiotic discovery programs should have at the fore front a goal of developing new antimicrobial agents that limit the emergence of resistance (Grand Challenges 2008). Our group and others have demonstrated that iron uptake systems in bacteria are suitable targets for developing such antibiotic therapies. For example, the use of bacterial siderophores as drug delivery agents can bypass membrane associated resistance mechanisms (such as decreased permeability barriers and efflux) and increase the potency of drugs up to 100-fold relative to passive diffusion (Braun 1999) while limiting the selection of resistance (by simultaneously targeting multiple pathogen components) to non-pathogenic mutants deficient in siderophorereceptor proteins. This review highlights siderophore-mediated drug delivery and addresses the effect of drug release on antibacterial activity of siderophore-antibiotic conjugates.
The siderophore iron uptake system
Iron is essential for nearly all forms of life and is a critical virulence factor during the course of a pathogenic infection. Although bacteria have evolved several methods for iron assimilation, the most common involves the production of siderophores, low molecular weight iron(III) chelators, for extracellular chelation followed by active transport into the cell (Guerinot 1994; Neilands 1995; Winkelmann and van der Helm 1987) . The siderophore system becomes fully operational under times of iron restriction, such as during pathogen invasion of a host, and is initiated by the up-regulation of siderophore biosynthetic genes and the expression of siderophore receptor/ transport proteins. Siderophores are excreted to the extracellular environment where they bind iron (III) and subsequently are recognized and transported into the cell by an intricate system of membrane-associated proteins (Krewulak and Vogel 2008) . Most microbes produce ferric reductase enzymes that can then liberate the internalized iron and in most, but not all cases, the siderophore can reenter the catalytic cycle ( Fig. 1) . For more information on this highly studied process the reader is directed elsewhere (Ratledge and Dover 2000) .
Siderophore-mediated iron acquisition is essential for the survival of pathogenic bacteria. For this reason, siderophore iron uptake systems have been identified as suitable targets for antimicrobial therapies (Miethke and Marahiel 2007) . Three approaches currently being pursued in this area include: (1) iron starvation via competitive chelation (Miller et al. 2009 ), (2) inhibition of siderophore biosynthesis (Ferreras et al. 2005; Neres et al. 2008; Quadri 2007) , and (3) siderophore-mediated drug delivery (''Trojan Horse'' antibiotics). Our research group is involved in all three areas of exploiting iron assimilation for antibiotic development, but this review will focus on our recent efforts to study siderophoremediated drug delivery.
Siderophore-mediated drug delivery (''Trojan Horse'' antibiotics)
Bacteria express siderophore receptor proteins that specifically recognize the iron complexes of their native sideorphores. To ensure a competitive growth advantage bacteria commonly possess the machinery to recognize and transport siderophore-iron complexes produced by other species (Challis and Hopwood 2003) . Along this evolutionary pathway certain bacteria have also learned to exploit this ''iron thievery'' for antibiotic delivery by attaching toxic substances to siderophores. Some of these naturally occurring siderophore-drug conjugates, also referred to as sideromycins, include the danomycins (Huber et al. 1986 ), salmycins ( Fig. 2) (Vértesy et al. 1995) , albomycins ( Fig. 2) (Benz et al. 1982; Gause 1955 (Bickel et al. 1960 (Bickel et al. , 1965 Sackmann et al. 1962) , and microcins (Thomas et al. 2004) . Inspired by nature's design our group and others have demonstrated that rationally designed synthetic siderophore-drug conjugates can also be used as effective drug delivery systems. The use of siderophore-drug conjugates as ''Trojan Horse'' antibiotics has been reviewed extensively (Miller et al. 2009; Miller and Malouin 1993; Miethke and Marahiel 2007; Möllmann et al. 2009; . This topic has maintained high interest amid current research programs (Braun et al. 2008; Miller et al. 2009; Möllmann et al. 2009; Nolan and Walsh 2008; Rivault et al. 2007; Wach et al. 2008; Rook 2008) .
Although much is already known about siderophore-drug conjugates, a more detailed understanding of how this delivery system works will facilitate the ultimate goal of designing more effective conjugates. As summarized in Fig. 3 , iron-complexed siderophore-drug conjugates are transported into bacterial cells via siderophore receptor/transport proteins. To be active, the drug still has to be able to reach its known target. However, whether the conjugate itself is the active compound, or if drug release is necessary for activity is not fully understood.
Is drug release necessary for antimicrobial activity of siderophore-drug conjugates?
Siderophore-drug conjugates are three component systems consisting of a siderophore, linker, and drug (Figs. 2, 3 ). All three components serve an important function. The role of the siderophore is well understood (see earlier ''Discussion''), but less attention has been given to the nature of the drug and the stability of the linker. The drug (structure activity relationships and target location) determines if drug release is necessary for activity while the linker determines if this release is possible in cells. Many examples of b-lactam antibiotics with iron binding side chains and rationally designed siderophore-b-lactam conjugates with potent antimicrobial activity have been reported (Miller et al. 2009; Heinisch et al. 2003 Heinisch et al. , 2002 Wittmann et al. 2002; . Beta-lactam antibiotics tolerate significant side chain modification with regards to the affinity for their target penicillin binding proteins (PBPs), which are located in the periplasm. Competitive binding studies with PBPs proved that the entire conjugates are capable of binding to the target. Outer membrane protein analyses unambiguously proved that entry into bacterial cells is dependent on siderophore-iron uptake systems and resistance always resulted in deletion of the outer membrane siderophore-receptor proteins. No cross-resistance to the parent b-lactam drug (modification of PBPs) was observed. These studies suggest that these conjugates only require transport to the periplasm to reach the target PBPs and b-lactam drugs might not require release for activity (Brochu et al. 1992) .
Although there are only a limited number of examples available in the literature (Hennard et al. 2001; Rivault et al. 2007; Zähner et al. 1977) , nearly all siderophore-drug conjugates featuring antibiotic components that have cytoplasmic targets show decreased activity compared to the free drug alone. For drugs with cytoplasmic targets it appears that linkage to siderophores either inhibits the drug from reaching its target or causes a significant decrease in binding affinity to the target, both of which lead to loss of activity. The only example of such a conjugate which retained or exceeded the activity of the parent drug involved the use of pyoverdine, a siderophore produced by P. aeruginosa, coupled to quinolone antibiotics using a labile linker (Fig. 2) . The use of a labile linker was critical for increasing activity of the conjugate relative to the free drug alone (Hennard et al. 2001; Rivault et al. 2007 ). However, P. aeruginosa is a special case in that it has an exceptionally high outer membrane exclusion barrier (Nikaido et al. 1991) which is responsible for its high resistance to small molecule antibiotics. This makes P. aeruginosa an ideal candidate for siderophore-mediated drug delivery as reflected by the many successful applications of this targeted therapy (Budzikiewicz 2001; Heinisch et al. 2003 Heinisch et al. , 2002 Hennard et al. 2001; Rivault et al. 2007; Wittmann et al. 2002) . Although the pyoverdine-quinolone conjugates featuring a labile linker show promise in delivering and releasing quinolone antibiotics, it is still left to question if the drug is selectively released only inside the bacterial cell and how applicable this approach will be to other species of bacteria. Nature seems to have already addressed these questions/problems by designing the albomycins (Fig. 2) . The albomycins enter bacterial cells via the ferric hydroxamate transport systems (Hartmann et al. 1979; Pramanik and Braun 2006) . The ferrichrome-like siderophore portion of the albomycins is recognized as the iron complex and transported by the ferrichrome associated proteins FhuA (Ferguson et al. 2000) and FhuD (Clarke et al. 2002) and once internalized the toxic thionucleoside is enzymatically released by a serine protease (Braun et al. 1983 ). The albomycins are extremely potent siderophore-drug conjugates active against Gram-positive and Gramnegative bacteria in vitro and in vivo (Braun et al. 2008; Gause 1955; Pramanik et al. 2007) .
A close relative of the albomycins is the salmycin class of naturally occurring ''Trojan Horse'' antibiotics ( Fig. 2 ) isolated from Streptomyces violaceus DSM 8286 that exhibit potent antibacterial activity (MIC of 10 nM) against Staphylococci and Streptococci including resistant strains (Vértesy et al. 1995) . Similar to the albomycins, the salmycins appear to enter cells via ferric hydroxamate transport systems (Pramanik and Braun 2006) . Originally it was proposed that the amino glycoside antibiotic is released upon hydrolysis inside cells (Vértesy et al. 1995) . We hypothesize that iron reduction may trigger drug release via an intramolecular cyclization process as shown in Scheme 1 .
With the ultimate goal of testing this hypothesis and evaluating the scope of desferridanoxamine as a vector for drug delivery we synthesized desferridanoxamine (Dan), desferrisalmycin B (Sal B), and a variety of desferridanoxamine-antibiotic conjugates utilizing antibiotics with drastically different cellular targets. Biological activity was evaluated using a variety of bacterial strains summarized in Table 1 .
Synthesis and biological activity of desferridanoxamine
Danoxamine ( Fig. 2 ) was first isolated and characterized as the siderophore component of the sideromycin antibiotic danomycin (Huber et al. 1986 ) and later rediscovered as the iron binding component of the salmycins (Vértesy et al. 1995) . Desferridanoxamine (Dan) is a linear tridentate siderophore comprised of three sequential hydroxamic acid (Codd 2008 ) iron binding groups. When viewed in a retrosynthetic manner (Scheme 2), disconnecting the siderophore backbone at the hydroxamic acid and amide bonds revealed two major components, derived from synthetic intermediates 7 and 3, joined by repeating succinyl linkers . The synthesis relied on the production of protected precursor 12 which allowed for handling and derivatization of the siderophore without fear of iron contamination or competitive reactivity of the nucleophilic hydroxamates. This was important for providing synthetic access to the salmycins and other desferridanoxamine conjugates (as will be highlighted later).
Tetra-O-benzyldanoxamine (12) was prepared on multi-gram scale (Long T. E., manuscript in preparation) following an 11-step convergent synthesis starting from O-benzylhydroxylamine HCl (1) and 1, 5-pentanediol (5) (Scheme 3) . Some key features of the synthesis include use of benzyloxy-carbamate 2 as a ''hydroxamate equivalent'' that is incorporated into alkyl units via deprotonation and S N 2 displacement of a leaving group, use of nitrile 3 as a protected primary amine that is revealed using Raney nickel reduction following the Bergeron protocol (Bergeron and Pegram 1988) , and sequential N-Boc deprotection, succinic anhydride acylation, and diphenylphosphoryl azide (DPPA) amide coupling used to assemble the fully protected scaffold 12. This synthetic route allowed for rapid synthesis of 12 in relatively high yield (up to 9% yield for the longest linear sequence) on large scale (*5 g). Desferridanoxamine was obtained in excellent purity and high yield upon global deprotection of 12 via Pd-catalyzed hydrogenation (Scheme 3).
Growth promotion studies using desferridanoxamine (Dan) relative to ferricrocin (F) and mycobactin J (M) were performed on iron-restricted media (Schumann and Möllmann 2001) to determine which species can utilize desferridanoxamine for iron assimilation (Table 2) . Desferridanoxamine effectively promoted the growth of Gram-positive (S. aureus and B. subtilis), select Gram-negative (P. aeruginosa and S. typhimurium), and select mycobacterium (M. smegmatis) strains. Interestingly, no E. coli strains were able to utilize desferridanoxamine. All Gram-negative and Gram-positive strains were able to utilize ferricrocin except E. coli strains BR158 and HK9/7 which lack essential TonB and FhuA/FhuE, respectively. Only mycobacteria strains M. smegmatis mc 2 155 and Mc 2 155-M24 were able to use desferridanoxamine for growth promotion. All mycobacteria mutants deficient in the biosynthesis and/or uptake of exochelin were not able to utilize desferridanoxamine. Possibly danoxamine can undergo iron exchange with exochelin and act as a growth promoter independent of the presence of mycobactin. All mycobacteria strains were able to utilize mycobactin J for growth promotion. Full details of growth promotion studies will be reported soon (Long T. E., manuscript in preparation). Scheme 1 Proposed drug release mechanism of the salmycins Biometals (2009) 22:633-648 637 Synthesis and biological activity of desferrisalmycin B
We recently reported the first total synthesis and stereochemical assignment of desferrisalmycin B (Sal B) and epi-desferrisalmycin B (epi-Sal B) (Dong et al. 2002) . The unique structure of the salmycins (Fig. 2) includes an iron-binding siderophore (danoxamine) and an unusual amino-disaccharide antibiotic component. From a retrosynthetic standpoint we envisioned making two major disconnections at the ester and glycosidic linkages (Scheme 4). This approach required the syntheses of three major components to be assembled in a convergent fashion (Scheme 5): (1) tetra-O-benzyldanoxamine (12), (2) glycosyl acceptor fragment 13, and (3) glycosyl donor fragment 14 (Dong et al. 2002) . Tetra-O-benzyldanoxamine (12) was synthesized as described earlier in Scheme 2 . The syntheses of the glycosyl acceptor (13) and donor (14) fragments as well as the final assembly of all the key fragments are shown in Scheme 5. Trichloroacetimidate 13 was chosen as the glycosyl acceptor fragment and was synthesized efficiently from D-mannose on large scale. The synthesis of the novel glycosyl donor fragment 14 featured a key stereoselective dihydroxylation of olefin 18 to give mono-protected diol 19. Both epimers (19 and epi-19) of C-6'' were available (via Mitsunobu-mediated stereochemical inversion) in high enantiomeric purity (absolute stereochemistry confirmed using correlation studies). A Bose-modified Mitsunobu reaction gave azide 20 (epi-20) which allowed straight forward access to glycosyl donor 21 (epi-21). The O-trimethylsilyl triflate-mediated stereoselective glycosylation reaction between 13 and 21 (epi-21) proceeded smoothly in high yield (88%) to give protected disaccharide 22 (epi-22) with high enantiomeric purity. Unfortunately, after deprotection of the TBS protected primary alcohol of 22 (epi-22) direct couplings with 12 failed under a variety of conditions. To circumvent this problem the succinyl linker was installed on the disaccharide using a Exactly 5 ll Dan (2.0 mM), 1 ll F (1 mg/ml), and 5 ll M (400 lg/ml) were applied to 6 mm paper discs on iron deficient media as described (Schumann and Möllmann 2001) . Growth zones read after incubation at 37°C for 24 h (mycobacteria 72 h) NT, not tested Scheme 4 Retrosynthetic analysis of desferrisalmycin B (Sal B) (Dong et al. 2002) five-step protecting group manipulation sequence leading to 23 (epi-23). This carboxylic acid proved suitable for EDC/HOAt-mediated coupling to the Obenzyl hydroxylamine generated from 11. Fully protected desferrisalmycin B precursor 24 (epi-24) was then universally deprotected using an optimized hydrogenation reaction catalyzed by palladium black and perchloric acid to separately give both epimers of desferrisalmycin B (25 and epi-25). Comparison of 1 H-and 13 C-NMR data to authentic material revealed that epi-25 is the natural desferrisalmyin B and the heptopyranose component has a D-glycero-D-gluco configuration (Dong et al. 2002) .
As expected there was no difference in the antibacterial activities of the synthetic or naturally derived salmycins (Tables 3, 4) . Some general observations include that the activity of salmycin A (Sal A) was superior to the activity of albomycin (Alb) and desferrisalmycin B. There was a noticeable reduction in activity by conversion of desferrisalmycin B to epi-desferrisalmycin B supporting the potential existence of a distinct cellular target for the novel amino-disaccharide antibiotic, which is believed to be an inhibitor of protein synthesis (Braun et al. 2008 ). Compared to albomycin, the salmycins had greater activity against multidrug resistant S. aureus (MRSA), especially with efflux-mediated multiresistance (ERSA), where albomycin showed no activity. Albomycin was effective against Grampositive and Gram-negative bacteria while the salmycins were primarily effective only against Gram-positive organisms (except for the activity of salmycin A against K. pneumoniae). Despite the strong species-selective antimicrobial activity of the salmycins and albomycin, rapid development of resistant mutants under in vitro conditions was observed as seen in Fig. 4 (Möllmann et al. 2004 ). The convergent approach taken in Scheme 5 allows for synthesis of all the members of the salmycin class and production of unique analogs. Having complete control over the covalent structure presents the opportunity for studying structure activity relationships of the salmycins and independently the amino-disaccharide component, a potentially novel small molecule antibiotic. Additionally, novel analogs can be synthesized that impart desirable properties (improved pharmacokinetics), probe mechanism of action, and test our hypothesized reductase-triggered, intramolecular drug release process (Scheme 1).
Synthesis and biological activity of desferridanoxamine-antibiotic conjugates
To probe the drug delivery capabilities of the salmycins we synthesized a series of desferridanoxamineantibiotic conjugates and evaluated their activity in growth inhibition assays. We chose a variety of commercially available antibiotics with drastically different cellular targets (Fig. 5) . The conjugates were prepared using direct active ester couplings on the fully protected precursor 12 followed by global deprotection. The optimized conditions are shown in Scheme 6 while full experimental details will be published elsewhere (Long T. E., manuscript in preparation). The couplings all proceeded in high Exactly 50 ll of a 100 mg/l solution of each compound was filled in 9 mm wells in agar media (Standard I Nutrient Agar, Serva). Inhibition zones read after incubation at 37°C for 24 h (Möllmann et al. 2004) r, confluent distribution of resistant colonies within the inhibition zone sr, single resistant colonies within the inhibition zone Table 4 Growth inhibition activity of Sal B and epi-Sal B relative to standards Sal A, Alb, Cip, and Kan by determination of minimum inhibitory concentrations (MIC) using the broth microdilution method in Mueller Hinton medium (Möllmann et al. 2004) Test organism/compound MIC (mg/l) yield and gave desirable amounts of the fully protected conjugates (typically*100 mg). Benzyl protection of the hydroxamates facilitated chromatographic purification without the fear of iron contamination. The final hydrogenation of this pure material provided the ironfree conjugates (fully characterizable by NMR) in good yield and high purity. The desferridanoxamine-antibiotic conjugates were evaluated for their ability to inhibit the growth of bacteria using the agar well diffusion test (Table 5) relative to the free siderophore, desferridanoxamine (Dan), and the free drug, Lorabid Ò (Lor), ciprofloxacin (Cip), or triclosan (Tri). As expected, all of the conjugates demonstrated growth inhibitory activity. Unexpectedly, desferridanoxamine, the free siderophore, demonstrated growth inhibitory activity against all E. coli strains and M. vaccae. This was consistent with lack of growth promotion ( Table 2 ) and could be a case of iron limitation considering the relatively high concentration (2.0 mM) of desferridanoxamine used in the assay. The rational for these strains is also supported by the fact that the desferridanoxamineLorabid Ò conjugate (Dan-Lor) and the desferridanoxamine-ciprofloxacin conjugate (Dan-Cip) seemed to mimic the activity displayed by desferridanoxamine alone. The desferridanoxamine-Lorabid Ò conjugate reflected activity observed for previously studied siderophore-Lorabid Ò conjugates (Roosenberg et al. 2000) in that it hit the same panel of organisms as the parent drug, but showed decreased activity. The desferridanoxamine-ciprofloxacin conjugate showed decreased activity in all cases compared to ciprofloxacin alone. Since we know that desferridanoxamine is recognized and actively transported by a number of the strains, the diminished activity of the conjugate implies that the quinolone drug either cannot reach its target or has a decreased affinity for its target. The activity of these conjugates (Dan-Lor and Dan-Cip) is reduced compared to the free drug because there is probably no release of the drug. The most active conjugate was the desferridanoxamine-triclosan conjugate (Dan-Tri). This conjugate exhibits equal or greater activity than the free drug alone for almost all the organisms screened. The MIC data (Table 6) for Dan-Cip and Dan-Tri relative to Cip and Tri appear to parallel the findings observed during the agar diffusion assay. The amide linked conjugates were less active than the free drug alone while the phenolic ester linked conjugate showed equal or great activity. The increased hydrolytic lability of the phenolic ester of Dan-Tri relative to the amide bonds of Dan-Lor and Dan-Cip implies that the free triclosan drug might have been released prematurely in the assay media, as supported by retained activity against E. coli strains unable to utilize desferridanoxamine for growth promotion (Tables 2, 5, 6). Still left for questioning is the possibility of intramolecular hydroxamate assisted release of triclosan (Scheme 1) especially since the fully benzyl protected triclosan conjugate (28) proved to be stable in the media (virtually no growth inhibitory activity was observed for 28, data not shown).
Further studies of the relationship between growth inhibitory activity of the conjugates and the stability of the drug linkage are merited. Efforts are underway to investigate the mode of action of these conjugates (determine if conjugate influx takes place via ferric hydroxamate transport) and evaluate the relationship between ferric ion concentration and the activity of the conjugates. Preliminary studies using salmycin resistant mutants of S. aureus and M. luteus suggest that resistance to salmycins correlates directly with Scheme 6 Synthesis of desferridanoxamine-antibiotic conjugates (Long T. E., manuscript in preparation)
resistance to desferridanoxamine-antibiotics (data not shown). Since the antibiotics have drastically different targets, cross-resistance supports entrance of the conjugates via siderophore influx mechanisms and not passive diffusion. Full reports of these studies will be published in the near future.
Summary and conclusions
The total syntheses of desferridanoxamine and desferrisalmycin B have recently been accomplished in our laboratories Dong et al. 2002) . Desferridanoxamine is an effective growth promoter for Gram-negative and Grampositive bacteria. Desferrisalmycin B exhibits potent growth inhibitory activity against Gram-positive organisms including resistant strains. Using synthetic protocols developed during this work, a new series of desferridanoxamine conjugates of commercial antibiotics were prepared to investigate the drug transporting ability of desferridanoxamine and the drug release hypothesis of the salmycins (Long T. E., manuscript in preparation). These conjugates appear to be recognized and actively transported into bacterial cells. Evaluation of antibacterial activity of all the conjugates revealed that amide linked conjugates are less active than the free drug alone while the ester linked conjugate has equal or greater activity compared to the free drug alone. This data suggests that to optimize potency an active drug release process is needed for siderophore-drug conjugates utilizing drugs with intracellular targets. The mechanism of drug release of the salmycins is still unknown, but will be the focus of future research. With antibiotic resistance on the rise and antibiotic development on the decline there is a serious need for new antimicrobial agents that limit the development of resistance. With detailed attention to proper design, siderophore-drug conjugates show promise as drug delivery agents that limit the formation of resistance and bypass known resistance mechanisms (decreased membrane permeability and efflux). Particular attention should be given to the choice of drugs (target location) and linkers (drug releasability). A better understanding of the role drug release plays in the activity of siderophore-drug conjugates will aid in the future design of more effective ''Trojan Horse'' antibiotics. 
